We present experimental data of the flow of butane and isobutane vapors through porous Vycor glass membranes. The pressure driven flow of vapors near and far from saturation through membranes with pore diameters of 20 and 33 nm is investigated. The upstream pressures lie between the saturation pressure at the upstream temperature to approximately half that value. The pressure differences are between a few kPa to about 100 kPa.
INTRODUCTION
We theoretically and experimentally investigate the flow of vapors through porous Vycor glass membranes. The mass flow of butane and isobutane vapors through Vycor glass membranes with pore diameters between 20 nm and 200 nm is measured. The membranes have the shape of a circular plate with a diameter of around 20 mm and a thickness between 0.5 and 1 mm. Due to the geometrical configuration, the flow can be considered as one-dimensional.
For vapors in a state near or at saturation upstreams of the membrane, condensation of the vapor is expected. The vapor can condense for two reasons: One reason is capillary condensation within the pores of the membrane [1] , the second reason for condensation is the Joule-Thomson effect of real gases: The adiabatic, onedimensional flow of a vapor through a porous medium of small permeability constitutes an adiabatic throttling process. Due to the Joule-Thomson effect, the fluid is cooler at the downstream side of the membrane than at the upstream side. The negative temperature gradient causes the transport of heat in downstream direction. A vapor far from saturation may release heat by a decrease in temperature, but a vapor at saturation can only release heat by condensation. Hence, regardless of the wetting properties between the solid matrix of the membrane and the fluid, due to the Joule-Thomson effect a vapor that flows through a porous membrane may condense [2] .
The adiabatic flow of vapors through porous media was investigated by several authors [1, 3, 4] . Rhim and Hwang [1] observed that the enthalpy of vaporization released or consumed in phase changes makes the process non-isothermal, even if the fluid is kept at the same temperature at the upstream and the downstream station. Also, in a different context, Tien had stated, referring to the flow of a vapor through a porous medium [5, p. 170] , "Another basic thermodynamic phenomenon that may play an interesting role in heat-pipe performance under certain conditions has never been mentioned or analyzed in the literature. This is the Joule-Thomson effect of realgas flow." However, later the pressure-driven flow of vapors near saturation through porous Vycor glass or other inorganic membranes was mostly described as an isothermal process [3, 4, [6] [7] [8] . Lee and Hwang [3] or Abeles et al. [4] measured the flow of vapors through glass membranes with pore diameters of at most 6 nm [4] , while Uhlhorn et al. [6] used alumina membranes with a pore diameter of 3 nm. As is appropriate for these pore sizes, apart from capillary forces, these authors also took account of effects caused by molecular forces between the fluid and the solid medium, e.g., adhesion and surface diffusion. Sidhu and Cussler [7] measured the flow of nitrogen under cryogenic conditions through track-etched polycarbonate membranes with a pore diameter of 10 nm. They observed a 50-fold increase in the mass flow under certain conditions and explained this increase with capillary condensation. They assumed isothermal flow, but did not account for molecular interaction forces. In the description of the flow presented here, molecular interaction forces are not considered, hence the description of the flow is restricted to media with pore sizes larger than around 10 nm.
Schneider [2] investigated the flow of isobutane through a stretched polypropylene membrane with a pore width of around 50 nm. He took account of the energy balance and of heat conduction and found that, even not considering capillary effects, due to the JouleThomson effect a saturated vapor may condense. He derived an expression for a characteristic permeability of the membrane and proposed that for a permeability of the membrane smaller than the characteristic permeability a saturated vapor condenses completely, while it condenses partially for a permeability of the membrane larger than the characteristic permeability. For full condensation, the mass flux is increased due to the large difference between the kinematic viscosities of the liquid and the vapor phase of the fluid.
Loimer [9] extended the description of Schneider [2] by accounting for capillary pressure and for vapor pressure reduction at curved interfaces. Thus, in a way, Loimer [9] combined isothermal [3, 4, [6] [7] [8] and adiabatic [2] descriptions. Later, the flow of saturated and unsaturated vapors was computed numerically and compared to experimental data [10] . Loimer et al. found that by accounting for capillary effects the expression for the characteristic permeability proposed by Schneider had to be modified. The experimental data reported by Loimer et al. [10] corroborated the importance of the characteristic permeability with respect to condensation.
THEORY
The flow process is described by modeling the porous medium as a bundle of equivalent capillaries. Darcy's law is assumed to be valid within the porous medium, and the pressure differences between the liquid and the vapor phase within the porous medium are given by the Young-Laplace equation, based on the radius of the effective capillaries. Hence, the balances of mass, momentum and energy are given bẏ
whereṁ is the mass flux, κ denotes the permeability of the porous medium, ν refers to the kinematic viscosity of the fluid, h to the specific enthalpy of the fluid, p is the pressure and z is the coordinate in flow direction. The heat flux is given byq
where k refers to the effective thermal conductivity of the fluid-filled porous medium and T is the temperature. At fronts of phase change within the porous medium, the vapor pressure is p K , which is given by Kelvin's equation,
where p sat is the saturation pressure, the surface tension is given by σ , θ is the contact angle and r refers to the pore radius. The specific volume of the liquid is given by v l and R is the specific gas constant. The governing equations are solved subject to the boundary conditions
where L is the length of the membrane and the restriction p 1 ≤ p sat applies. Further details of the theoretical description are given in Ref. [10] . The flow process is characterized by four dimensionless quantities, a permeability K,
where ∆h vap,K is the enthalpy of vaporization at a curved interface and k m,l refers to the thermal conductivity of the porous medium filled with the liquid phase of the fluid. The remaining dimensionless quantities are a fluid property n, a pressure difference Π and a upstream pressure P 1 which also involves the applied pressure difference,
The dimensionless permeability K results from evaluating the energy equation at the upstream front of the membrane for the marginal case that the vapor just condenses completely,ṁ Substituting forṁ from Eq. (2) and assuming a pressure gradient such that the condensate, on permeating downstreams, just stays in equilibrium with its vapor state, dp dz
yields a characteristic permeability of the membrane or, alternatively, the definition of K ensues. Hence, a vapor that flows through a porous membrane with a permeability K > 1 condenses partially and a two-phase mixture flows through a part of the membrane, while a vapor that flows through a membrane with a permeability K < 1 condenses completely and liquid flows through a part of the membrane. Whether the vapor condenses completely or partially bears important consequences on the mass flow through the membrane. For complete condensation, due to capillary action the mass flux is greatly enhanced with respect to the mass flux of a vapor that stays in its gaseous phase, while for partial condensation, there is only little increase of the mass flux. At a difference, assuming isothermal flow, complete condensation and an increase of the mass flux occurs whenever p 1 > p K , regardless of the permeability of the membrane.
The definition of P 1 can be inferred from the p-T diagram of a vapor that undergoes a throttling process. Figure 1 shows the path of a vapor that is in a state at the upstream side of the membrane such that condensation just does not occur, i.e., p 1 = p K − n(p 1 − p 2 ). Whence, the definition of P 1 follows. As can be seen from Fig. 1 , the temperature of the vapor is decreased isobarically in front of the membrane, while in the membrane the pressure is nearly isothermically decreased. 
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MEASUREMENTS
Experiments were performed by measuring the mass flow of butane and isobutane vapors through various Vycor glass membranes. The experimental setup is sketched in Fig. 2 . The membranes were mounted in a permeation cell. A bottle containing a two-phase mixture of the fluid was connected via a pressure regulation valve to the upstream side of the permeation cell. Since the tubing was connected to the top of the bottle, saturated vapor was withdrawn from the bottle. From the downstream side of the permeation cell the vapor was led to a second pressure regulation valve and further downstreams to a soap flow meter, from where it exhausted to the atmosphere. From the volume flow readings and knowing the atmospheric conditions, the mass flow rate could be calculated. In addition, thermocouples were located at the upstream and the downstream side of the permeation cell, to measure the temperature or the temperature difference. The mass flow is made dimensionless with the mass flux that is expected if the vapor remains in a gaseous state,ṁ
Here, account is taken of the contribution of free molecular flow to viscous flow by using an apparent kinematic viscosity ν app for the vapor [9] . A vapor close to saturation condenses and due to capillary action the mass flux is increased with respect tȯ m g . According to the adiabatic description [9, 10] , a vapor condenses if P 1 > 0, i.e., p 1 > p K − n(p 1 − p 2 ), while according to isothermal descriptions [3, 4, 6, 7] a vapor condenses if p 1 > p K . Figure 3 shows measured mass fluxes versus P 1 and versus p 1 − p K , normalized with p sat − p K . Measurements for membranes with pore diameters of 20 nm and of 33 nm are shown. The two graphs in Fig. 3 seem to give the indication thatṁ/ṁ g is indeed larger than 1 for P 1 > 0, not for p 1 > p K . However, there is only one data point which truly supports this cause, an asterisk located atṁ/ṁ g ≈ 1.3 and P 1 ≈ 0.5 on the left side and at (p 1 − p K )/(p sat − p K ) ≈ −0.5 on the right side.
Moreover, in Fig. 3 a line shows the mass flow calculated from the adiabatic description [10] for one of the two cases and for a pressure difference of 50 kPa. Since for P 1 > 1 the ratioṁ/ṁ g depends on the pressure difference and the data depicted in Fig. 3 was taken over a range of pressure differences, the line shown in Fig. 3 can not be directly compared to the experimental data. Nevertheless, the measured mass fluxes are much smaller than the predicted values. For p 1 = p sat a value ofṁ/ṁ g = 8.7 is calculated, while the maximum of the measured data is at about 4. However, assuming an isothermal flow and accounting for the capillary pressure, a value ofṁ/ṁ g = 31 is calculated. Figure 3 shows that there is a huge scatter of the experimental data at p 1 ≈ p sat . The scatter is mainly due to different applied pressure differences for each data point, see Fig. 4 . Figure 4 shows plots of the normalized mass flux versus dimensionless and versus dimensional pressure difference, respectively. The measured values have a nearly constant level of normalized mass fluxes for pressure differences between about 20 and 50 kPa. If the pressure difference is scaled with Π, these plateaus shift to different locations for the two data sets. Hence, the scaling with Π does not seem to be correct. The agreement between the calculated and the measured data is better for large pressure differences, but for small pressure differences, the agreement is poor. For pressure differences larger than 50 kPa, the decrease ofṁ/ṁ g with increasing pressure difference is qualitatively reproduced.
CONCLUSIONS
Data on the mass flux of butane and isobutane vapors through porous Vycor glass with pore diameters of 20 and 33 nm is reported. The mass flux of vapors close to saturation is increased with respect to the mass flux of a vapor that remains in a gaseous state only if the dimensionless permeability of the membrane K, cf. Eq. (8) , is larger than 1 [7, 10] .
The data presented here indicates that a vapor is close enough to saturation for an increase in mass flux to occur if the upstream pressure is larger than p K − n(p 1 − p 2 ). However, there is not enough data to conclusively answer the question whether the correct criterion is p 1 For pressure differences smaller than about 20 kPa, the mass flux data shows considerable scatter.
Qualitatively, the mass fluxes are much smaller than expected from an adiabatic or from isothermal descriptions of the flow, in which a constant contact angle is assumed and molecular interactions between the porous matrix and the fluid, e.g., adhesion, are not taken into account.
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